The apparent mean channel open time (T) of acetylcholine receptors (AChR) at skeletal muscle endplates decreases >3-fold during development. In rat soleus muscles, the change occurs between postnatal days 8 and 18 as channels with long apparent open times (T = 4.5 msec) disappear while channels with short apparent open times (T = 1.5 msec) increase in number. We studied the role of innervation in this process by denervating neonatal soleus muscles prior to channel conversion. Tau at the denervated endplates was assayed at various times between days 8 and 18 by using fluctuation analysis. We found that early denervation blocked, or at least delayed, channel conversion. Unexpectedly, there was enhanced extrajunctional ACh sensitivity in the innervated muscles contralateral to the denervated ones. This observation allowed us to compare the apparent open times of junctional AChRs with those of extrajunctional AChRs 200 pm distant in the same innervated fibers. In developing muscles, r at the extrajunctional sites decreased in parallel with r at the endplates. Thus, neural regulation of AChR channel gating extends well beyond the endplate boundaries.
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Developmental interactions between nerve and muscle cells have been of great interest in recent years (for review see Dennis, 1981) . Neuronal regulation of acetylcholine receptors (AChRs) has received special attention (Fambrough, 1979) .
During the formation of skeletal muscle endplates, nerve terminals influence the distribution (Anderson et al., 1977; Frank and Fischbach, 1979) , the metabolic stability (Berg and Hall, 1975; Reiness and Weinberg, 1981) , and the channel kinetics (Schuetze and Fischbach, 1978; Sakmann and Brenner, 1978; Fischbach and Schuetze, 1980) of underlying AChRs.
One striking change associated with innervation is a 3-fold decrease in the apparent mean channel open time (7) of AChRs (Schuetze and Fischbach, 1978; Sakmann and Brenner, 1978; Fischbach and Schuetze, 1980) . Tau is about 4.5 msec at '21°C in uninnervated, embryonic at myotubes (Fischbach and Schuetze, 1980) , compared to about 1.5 msec in mature endplates (Sakmann and Brenner, 1978; Fischbach and Schuetze, 1980) . In rat soleus muscle endplates, the decrease in mean open time occurs between postnatal days 8 and 18 as channels with long apparent open times (slow channels) gradually disappear while channels with short apparent open times (fast channels) increase in number (Sakmann and Brenner, 1978) .
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thesized AChRs that appear in extrajunctional membrane regions have the long apparent open times characteristic of immature muscle fibers (Sakmann, 1978; Fischbach and Schuetze, 1980) . In contrast, many of the AChRs in the endplate region have short apparent open times even several weeks after denervation, when presumably nearly all of the AChRs present at the time of denervation have been replaced (Brenner and Sakmann, 1983) . To explain these data, it has been proposed that the nerve mediates channel conversion not by altering or replacing the AChRs themselves, but by changing the membrane environment of endplate channels (Brenner and Sakmann, 1983) . According to this idea, during postnatal development the endplate membrane is modified in some way so as to favor short gating times. One possibility is that the formation of postsynaptic folds, which occurs at the same time as channel conversion (Korneliussen and Jansen, 1976; Rosenthal and Taraskevich, 1977) , may be related to the developmental r decrease. A corollary of this hypothesis is that channel conversion is restricted to the endplate region.
This argument is supported by the finding that in adult human intercostal muscle, r is short at the endplate but long at the ACh-sensitive (but aneural) myotendinous junction (Cull-Candy et al., 1982) . However, other data indicate that channel conversion extends well beyond the endplate. In Xenopus myotomal muscle, the developmental decrease in r occurs both at endplates and in extrajunctional regions (Kullberg et al., 1981) . These apparently conflicting results may indicate a species difference.
We have tested the role of the nerve in regulating channel conversion in two ways. First, we followed the fate of AChRs in neonatal endplates that were denervated prior to channel 2297 Vol. 4, No. 9, Sept. 1984 conversion. We report that neonatal denervation arrests, or at least delays, the decrease in 7. Second, we have studied the gating properties of AChRs in extrajunctional regions of developing fibers in innervated muscles. We report that channel conversion occurs not only at the endplate but also at extrajunctional sites up to at least 200 pm (more than 10 endplate diameters) distant. Electron microscopy showed that these extrajunctional sites lacked any postsynaptic specializations. We conclude that channel conversion is independent of the formation of postsynaptic folds and of other developmental events unique to the endplate region. Although the mechanism underlying the 7 decrease remains obscure, it is clear that its actions extend well beyond the immediate vicinity of motor nerve terminals. product were visible (10 to 20 min). The muscles then were washed in well oxygenated L-15 for 10 min before they were studied electrophysiologically.
Electron microscopy.
In several experiments we examined the ultrastructure of cells that had been studied physiologically. Cells were labeled with a modification of a technique described by Maranto (1982 The muscle was then washed and fixed overnight at 4°C in 3% glutaraldehyde in buffer. The rest of the processing for electron microscopy was conventional.
Results
Tau at denervated endplates. To determine whether the normal 7 decrease at endplates requires continued innervation, soleus muscles were denervated several days before the onset of channel conversion. Tau at these denervated endplates was assayed 2 to 14 days later.
We could not readily locate the former endplates in denervated muscles electrophysiologically.
However, we could identify endplates histochemically by staining the living tissue for AChE activity. Since synaptic AChE remains highly localized following denervation (Miledi and Slater, 1968) , the AChE reaction product marked the vacated endplate sites.
The overall staining pattern of denervated muscles resembled that of normal, innervated muscles. In both cases, each fiber contained a single patch of AChE reaction product. The distribution of patches was indistinguishable from the distribution of endplates in innervated muscles. Unlike AChE stain in muscle preserved with aldehydes, which is stable, AChE stain in living muscle faded and became undetectable 10 to 30 min after the preparation was washed. Physiological measurements were done only while the stain was visible.
The apparent mean channel open time of AChRs was measured by spectral analysis of focal extracellular recordings of ACh-induced membrane currents (Katz and Miledi, 1972; Anderson and Stevens, 1973; Schuetze, 1980 ). An ACh-filled pipette was positioned over each test site, and the resulting membrane currents were analyzed on-line with a digital com- We were unable to detect any ACh-induced currents at denervated endplates immediately after they were stained for AChE, presumably because the AChRs were desensitized by the high concentration of acetylthiocholine (1.7 mM) i n the staining solution. However, ACh sensitivity generally returned within several minutes, and measurements were made then. In some cases the recovery of ACh sensitivity coincided with the loss of visible AChE stain. When this happened, the preparation was either restained or discarded.
Staining the muscles for AChE had no major effect on T (Table I ). The mean T measured at randomly selected extrajunctional sites on denervated muscles was the same before and after staining for AChE. Furthermore, the mean apparent open time at six innervated endplates was not changed significantly by staining. We also noted that AChE staining had no significant effect on the muscle resting potential, but it did abolish spontaneous transmitter release (data not shown). This latter phenomenon was not investigated further. Spectra obtained from denervated and innervated endplates differed significantly. Figure 1 shows an example from two day-18 fibers. The estimated T values were 1.2 msec at the innervated endplate and 4.2 msec at the denervated endplate. Long apparent open times were also found at 27 other denervated endplates in 7 different soleus muscles (Table II) . In every case, 7 at the vacated endplate was longer than 7 at innervated control endplates of the same age and similar to that found in uninnervated, embryonic muscle. As shown in Table II , the mean 7 at denervated endplates appeared to decrease with time, although the decrease'was much smaller than at innervated endplates. This raises the possibility that denervation may delay the 7 decrease rather than prevent it. Our data cannot distinguish between these hypotheses. Because of the small sample size, the differences in the mean 7 values at denervated endplates of different ages are not statistically significant (Table II) . Moreover, the shortest 7 estimates were recorded from two endplates in a day-18 muscle that was denervated at day 10, or 4 days later than any of the others. Spectra at these endplates were biphasic, indicating that these cells did, in fact, have a subpopulation of adult-type fast channels. Since channel conversion in soleus typically begins at day 8 (Sakmann and Brenner, 1978), however, it is likely that the fast channels had appeared before denervation.
We found no evidence for fast channels in any other denervated endplates. A study of day-18 muscles that were denervated at earlier times would be useful, but we found such muscles too atrophic for successful physiology experiments. TABLE I T before and after AChE staining Tau was estimated by fluctuation analysis before and after the muscle was stained for AChE activity. The extrajunctional sites tested before and after staining were not the same. The data were obtained from eight denervated muscles that were between 9 and 18 days old. In the case of the innervated endplates, the same six sites in one day-11 muscle were tested under the two conditions. The innervated endplates were located before staining by focal extracellular recording of spontaneous miniature endplate currents (Fischbach and Schuetze, 1980; Schuetze, 1980) . After staining, the AChE reaction product on the six test fibers was localized to the physiologically identified sites, as expected. All data were normalized to 21°C using a standard curve that was determined experimentally (Fischbach and Schuetze, 1980) . F R E Q U E Ed C: '9 <HZi Figure 1 . Power spectra of ACh-induced current fluctuations recorded from an innervated day-18 soleus endplate (top) and a day-18 endplate that had been denervated at day 10 (bottom). The two muscles were obtained from littermates. In each case, a simple Lorentzian curve fitted by least-squares regression is superimposed on the experimental spectrum. The diamonds indicate the half-power frequencies from which the apparent channel open times were derived. The rolloff of the upper experimental spectrum above 600 Hz was due to the limited frequency response of the recording electrode; this limitation was taken into account in fitting the Lorentzian curve. Temperature = 23°C.
Tau at perijunctional sites. In most animals with denervated soleus muscles, we also measured 7 in the contralateral innervated muscles. Tau at these innervated endplates decreased with age just as in normal animals (cf . Table II) .
Unexpectedly, we found higher than normal levels of extrajunctional ACh sensitivity in many, but not all, of these contralateral innervated muscles. We could record ACh-induced membrane current fluctuations at sites up to several hundred micrometers away from the endplate. One explanation is that cutting the left sciatic nerve may have decreased the use of muscles in both limbs, thus slowing the loss of extrajunctional sensitivity (cf. Diamond and Miledi, 1962; Lomo and Rosenthal, 1972), but we have no evidence for this. Similar denerva- Tau was measured at 101 endplates in 21 innervated soleus muscles and at 28 endplates in 7 denervated soleus muscles. Some of the innervated muscles were contralateral to denervated muscles; others were from normal controls. Since the data from the two innervated groups were indistinguishable, the results were pooled. Endplates in innervated muscles, were located by focal extracellular recordings of spontaneous miniature endplate currents (Fischbach and Schuetze, 1980; Schuetze, 1980) . Denervated endplates were identified by staining the muscle for extracellular AChE activity (see the text). At many of the innervated endplates, the power spectra of ACh-induced current fluctuations were clearly biphasic, indicating that these endplates contained a mixture of channels with long and short apparent open times (Sakmann and Brenner, 1978; Fischbach and Schuetze, 1980) . To get a rough estimate of the mean T in these endplates, an apparent T was obtained by fitting a simple Lorentzian curve to each spectrum (see "Materials and Methods"). The apparent 7 values were averaged with the other T estimates in the same age category. Biphasic spectra were also recorded from two endplates in the day-18 muscle that was denervated at day 10 (see the text). The data labeled embryonic were obtained from embryonic rat leg muscle grown in dissociated cell culture (Fischbach and Schuetze, 1980) ; similar values have been found at newborn rat endplates in vivo (Sakmann and Brenner, 1978; Fischbath and Schuetze, 1980) . All data were normalized to 21°C. tion effects on innervated muscles have been reported in cats (Steinbach, 1981) .
Whatever the cause, this observation allowed us to compare the apparent open time of AChRs in junctional and extrajunctional regions of the same, innervated fibers. Paired recordings were made from 44 fibers in 11 different muscles. In each case, we measured 7 both at the endplate and at an extrajunctional site 200 Km distant (about 10 to 15 endplate diameters) on the same fiber. The 7 values measured at the two sites were in close agreement in all 44 fibers (Fig. 2) . It is especially significant that brief open times were recorded at extrajunctional sites in many of these cases (Fig. 3) . Thus, channel conversion is not restricted to the endplate membrane in rat soleus muscles.
Muscle ultrastructure during the 7 decrease. One mechanism proposed to explain the 7 decrease is that the nerve might induce a modification in the structure of endplate membrane (Brenner and Sakmann, 1983) . In particular, it has been suggested that the appearance of postsynaptic folds, which is roughly coincident with channel conversion (Korneliussen and Jansen, 1976; Rosenthal and Taraskevich, 1977) , may be related to the 7 decrease (Fischbach and Schuetze, 1980; Michler and Sakmann, 1980; Brenner and Sakmann, 1983) .
Our finding that channel conversion is not restricted to the endplate membrane makes this hypothesis unlikely. However, one could argue that in these experimental animals, denervation of one soleus muscle somehow induced structural changes, such as membrane folds, in the extrajunctional membrane of contralateral, innervated muscle fibers. To test this explicitly, we selected an innervated fiber that had extrajunctional AChRs with short 7 times and labeled the cell with an electron-dense marker using the .Lucifer Yellow-DAB technique (Maranto, 1982) . After preparing the tissue for electron microscopy, we examined the exact same extrajunctional region that had been assayed for apparent channel open time (see "Materials and Methods").
Although the tissue preservation after labeling was imperfect, the marked region was otherwise indistinguishable from extrajunctional regions of normal fibers (Fig. 4) . Two other fibers were labeled and examined in the same way. In all cases, we could find no evidence for an ultrastructural correlate to the decrease in 7. We conclude that the formation of postsynaptic folds is not directly related to channel conversion. Of course, there may be other changes in membrane structure, not apparent in our electron micrographs, that mediate channel conversion.
Discussion
These results show that neonatal denervation blocks the normal postnatal appearance of fast channel gating at rat endplates. Only long gating times were observed in endplates that were denervated prior to the onset of channel conversion. This is in contrast to results obtained in denervated adult muscles. When mature endplates are denervated, AChRs with short 7 times can be found for up to at least several weeks later (Brenner and Sakmann, 1983) . Thus, innervation appears to be required only for the initial appearance of fast gating at endplates and not for its maintenance.
One could argue that our inability to find channels with short 7 times at the denervated endplates was an artifact of the AChE stain. This seems unlikely, since the AChE stain had no significant effect on 7 measurements at either extrajunctional sites in denervated muscles or at endplates in innervated muscle fibers (Table I ). Another possibility is that channel conversion did, in fact, proceed normally at the denervated endplates but that our recordings were dominated by contributions from slow channels in nearby perijunctional regions. This, too, seems unlikely. Focal ext,racellular recording has very good spatial resolution and assays essentially only those AChRs directly beneath the tip of the pipette (see Plate 1 in Schuetze, 1980) . In two cases we did find evidence for a subpopulation of AChRs with short r times at denervated endplates, but these endplates had been denervated at day 10, or 2 days after the normal onset of channel conversion (Sakmann and Brenner, 1978) . Since we found no evidence for a significant subpopulation of channels with short 7 times in other preparations, the simplest explanation is that the fast channels found in these two endplates had been present at the time of denervation.
It may be that denervation does not arrest channel conversion completely but merely delays it. We could not rule out this possibility because at long times after denervation we were unable to measure 7, largely because of the accumulation of fat and connective tissue in the atrophic muscles. It appeared that neonatal denervation led to especially severe, rapid muscle atrophy. In one experiment we cut the sciatic nerve less than 24 hr after birth. At postnatal day 18 the soleus muscle was SO thin that we had trouble recognizing it during the dissection. Presumably, denervation during a period in which muscle growth is otherwise very rapid accelerates the atrophy.
In principle, denervation might interfere with channel conversion either by decreasing muscle activity or by removing some other neuronal signal. A recent study that appeared after this work was completed suggests that activity is the key factor (Brenner et al., 1983) . Channel conversion at developing ectopic endplates in adult rats continues after denervation in muscles that are given chronic, electrical stimulation.
It is not known if denervation blocks channel conversion at ectopic endplates in inactive muscles, although our results would predict so.
The decrease in 7 in rat muscle fibers, as in Xenopus (Kullberg et al., 1981) immediate vicinity of the terminals but extends to regions that completely lack any postsynaptic specializations (Fig. 4) . At sites still further from the endplate the ACh sensitivity was too low for accurate 7 measurements.
However, other evidence The contralateral sciatic nerve had been cut at day 3. Tau was measured at precisely this site with fluctuation analvsis and found to be 1.4 msec. Immediately afterward, the same site "was labeled with an electron-dense marker and prepared for electron microscopy (see "Materials and Methods"). The somewhat blown-out annearance of this fiber is an artifact of the labeling procedure. Magnification X 11,500.
indicates that channel conversion does not occur over the entire length of the fiber. In human intercostal muscle, T is short at the endplate but long at the myotendinous junction (CullCandy et al., 1982) . The sphere of influence of the nerve on channel gating remains to be determined.
Taken together, the above results suggest that channel gating Vol. 4, No. 9, Sept. 1984 is regulated differently at endplate and extrajunctional sites. It appears that the nerve is required only to initiate the 7 decrease at endplates. Once channel conversion is complete, endplates contain fast channels independent of both activity and innervation. On the other hand, the gating kinetics of AChRs in extrajunctional regions apparently depends on innervation at all stages of maturity.
When they are present in sufficiently mature, normally innervated muscles, extrajunctional AChRs have short apparent open times. Otherwise, 7 at extrasynaptic sites is long.
The mechanism underlying channel conversion remains obscure. It is unlikely that the process requires replacing the entire receptor channel complex, for the AChR turnover rate is too slow to account for the more rapid appearance of fast channels (Michler and Sakmann, 1980; Reiness and Weinberg, 1981 ; but see Stanley and Drachman, 1983) . Therefore, it seems more likely that channel conversion is mediated by modifying either the channel itself or its membrane environment. At present both possibilities remain equally likely. However, the finding that channel conversion occurs extrajunctionally indicates that the mechanism is independent of the formation of postsynaptic folds and of other developmental events restricted to the endplate region.
